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ABSTRACT

Context. A crucial issue in star formation is understanding the physical mechanism by which mass is accreted onto and ejected by
a young star, then collimated into jets. Hydrogen lines are often used to trace mass accretion in young stars, but recent observations
suggest that they could instead trace mass outflow in a disk wind.

Aims. Obtaining direct constraints on the HI line formation regions is crucial in order to disentangle the different models. We present
high angular and spectral resolution observations of the Ha line of the Herbig Ae star AB Aur to probe the origin of this line at
sub-AU scales, and to place constraints on the geometry of the emitting region.

Methods. We use the visible spectrograph VEGA at the CHARA long-baseline optical array to resolve the AB Aur circumstellar
environment from spectrally resolved interferometric measurements across the Ha emission line. We developed a 2D radiative transfer
model to fit the emission line profile and the spectro-interferometric observables. The model includes the combination of a Blandford
& Payne magneto-centrifugal disk wind and a magnetospheric accretion flow.

Results. We measure a visibility decrease within the He line, indicating that we clearly resolve the Ha formation region. We derive
a Gaussian half width at half maximum between 0.05 and 0.15 AU in the core of the line, which indicates that the bulk of the Ha
emission has a size scale intermediate between the disk inner truncation radius and the dusty disk inner rim. A clear asymmetric
differential phase signal is found with a minimum of —30° + 15° towards the core of the line. We show that these observations are
in general agreement with predictions from a magneto-centrifugal disk wind arising from the innermost regions of the disk. Better
agreement, in particular with the differential phases, is found when a compact magnetospheric accretion flow is included.
Conclusions. We resolve the Ha formation region in a young accreting intermediate mass star and show that both the spectroscopic
and interferometric measurements can be reproduced well by a model where the bulk of Ha forms in a MHD disk wind arising from
the innermost regions of the accretion disk. These findings support similar results recently obtained in the Bry line and confirm the

importance of outflows in the HI line formation processes in young intermediate mass stars.

Key words. methods: observational — techniques: high angular resolution — techniques: interferometric — circumstellar matter

1. Introduction

One of the crucial open questions in star formation is under-
standing the link between accretion of matter onto the star and
the launching of large-scale jets. Although the magnetic nature
of the ejection process is now well established, the exact origin
of the flow is still debated. Jets in young solar-type stars have
been shown to originate on scales less than a few AU from the
central star (Ray 2007). Thus, understanding the nature of this
relationship has long been hindered by the lack of direct obser-
vational constraints.

HI emission lines are one of the most prominent tracers of
accretion/ejection activity in young stars. However, the exact ori-
gin of these lines is a major unsolved puzzle. These lines typi-
cally trace hot gas at a temperature of 10* K, and are thought to

* Based on observations made with the VEGA/CHARA instrument.

Article published by EDP Sciences

originate in a stellar wind, the accretion funnel flows linking the
stellar magnetosphere and the inner accretion disk, an extended
disk wind, and/or the upper hot layers of the disk atmosphere.
Spherical stellar wind models were discarded early on because
of their inability to reproduce the centrally peaked emission line
profiles and their prediction of strong P Cygni-type profiles, not
frequently observed. On the other hand, magnetospheric accre-
tion models have been very successful at reproducing in particu-
lar the shape of the HI Bry line profiles, as well as the observed
correlation of the Bry line flux with the accretion rate, at least up
to the Be spectral type (Muzerolle et al. 2001).

Recently it has become possible to spatially resolve the
hydrogen line emitting regions by coupling spectroscopy with
long-baseline interferometry. Most studies have been con-
ducted so far in the near-infrared HI Bry line and in Her-
big stars, young pre-main sequence stars of intermediate mass
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(2-8 M,,) that display signatures of ongoing active disk ac-
cretion and are understood as the massive counterparts of
the solar-type T Tauri stars. Early interferometric studies de-
tected HI Bry line emission regions extending well beyond
the magnetospheric accretion region (located typically below
0.1 AU), indicating an additional contribution from winds and/or
inner hot gaseous disk (Kraus et al. 2008; Benisty et al. 2010;
Weigelt et al. 2011; Eisner et al. 2014). Recently, higher spec-
tral resolution spectro-interferometric observations were shown
to match predictions from magneto-centrifugally driven disk-
wind models, and provided estimates of the wind properties,
such as the mass-loss rate and opening angle (Garcia Lopez et al.
2015; Caratti o Garatti et al. 2015). The Bry line kinematics,
however, is dominated by the Keplerian rotation of the base
of the disk wind (Mendigutia et al. 2015; Kurosawa et al. 2016)
and in some cases disentangling the wind from the disk emission
might be challenging.

The HI optical Ha line is significantly brighter and wider
in velocity than the HI Bry line, potentially offering a better
diagnostic to disentangle the different line formation models.
Recently, Lima et al. (2010) and Kurosawa et al. (2006) have
shown that a combination of magnetospheric accretion and disk
wind can successfully reproduce the wide variety of Ha emis-
sion profiles observed in classical T Tauri stars and that the disk
wind contribution becomes more important as the mass accre-
tion rate, the temperatures, and the densities inside the disk wind
increase. In a first attempt to resolve the outflow launching re-
gion spatially, we obtained in 2010 Ha spectro-interferometric
observations with the VEGA instrument at the CHARA Array
(Rousselet-Perraut et al. 2010). These observations, albeit with a
low signal-to-noise ratio (S/N), clearly resolved for the first time
the Ha emitting region in AB Aur and allowed us to rule out a
spherical wind scenario. Promising agreement was found with
predictions from a simple conical outflow mimicking the base of
a disk wind. However, owing to the low S/N, the spectral res-
olution had to be significantly degraded so that the variation of
visibilities and phase across the line profile could not be studied
in detail. In addition, the simple model used and the 1D radiative
transfer did not allow us to capture the whole complexity of the
emission profile.

AB Aurigae (AB Aur; AOVe) is a bright Herbig Ae star
located in the Taurus star-forming region at a distance of
140 + 20 pc (van Leeuwen 2007). It has been intensively ob-
served in photometry, spectrometry, and polarimetry over a wide
wavelength range (Bohm & Catala 1993; Catalaetal. 1999;
Grady et al. 1999a; van den Ancker et al. 1999) and there is ev-
idence of both accretion and outflows (Catala & Kunasz 1987).
Its Ha line exhibits a P Cygni profile. This profile is known to
be variable on hourly timescales, especially in the blue wing, but
its variability appears to be more complex than that of the photo-
spheric or He I lines (Catala et al. 1999). To explain the observed
variability, Catala et al. (1999) propose an origin in a magneti-
cally controlled wind with a complex structure in latitude and in
azimuth. However, Wade et al. (2007) and Alecian et al. (2013)
do not detect any magnetic field in AB Aur (with an upper
limit of 200 G), possibly because of the face-on geometry of
the system.

AB Aur has a complex circumstellar environment. Direct im-
ages in scattered light show non-axisymmetric structures, such
as spirals, at scales of a few tens of AU (Grady et al. 1999b;
Fukagawa et al. 2004). At millimeter wavelengths, a warped CO
disk with a wide gap is detected on scales larger than 100 AU;
also detected are an asymmetric dust ring and four spiral fea-
tures, possibly indicating inhomogeneous accretion from the
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remnant envelope (Tang et al. 2012). An inner CO disk in ro-
tation located within the continuum cavity is detected with
PAgisk = 52° + 1° and inclination i = 29° (Tang et al. 2012).
Free-free emission associated with AB Aur has recently been
detected at centimeter wavelengths with a clear elongation along
PA = 161 + 7° (Rodriguez et al. 2014). Its orientation close to
perpendicular to the inner CO disk, its spectral index, and lack
of significant time variability support an origin in a collimated,
ionized outflow. Rodriguez et al. (2014) derive a mass-loss rate
of 1.7 x 1078 Mgy/yr for this outflow component. Accretion
rate estimates for AB Aur range from a few 107% Mg/yr from
the Balmer discontinuity (Garrison 1978; Donehew & Brittain
2011) to ~1.5 x 1077 My/yr from the Bry line intensity
(Garcia Lopez et al. 2006). Estimates of the system inclination
found in the literature span a wide range. From vsini values,
Catala et al. (1999) derive inclination values for the stellar rota-
tion axis in the range 50°—-90°. In contrast, interferometric obser-
vations at near-IR wavelengths favor a face-on geometry for the
disk (Tannirkulam et al. 2008), while mid-IR nulling interferom-
etry indicates a disk inclination of 45° to 65° (Liu et al. 2007).
At larger scales (beyond a few tens of AU), both scattered light
images and millimeter interferometric observations indicate an
inclination between 20° and 45° (Piétu et al. 2005; Perrin et al.
2009; Hashimoto et al. 2011; Tang et al. 2012), possibly varying
with distance from the star (Tang et al. 2012).

We present here spectro-interferometric observations across
He and results from new VEGA campaigns on AB Aur con-
ducted between 2010 and 2013 with much improved sensitiv-
ity and twice the spatial resolution as in 2010. These high qual-
ity observations allow us to conduct a detailed comparison with
2D radiative transfer predictions from a more physical model
combining a magneto-centrifugal disk wind and a magneto-
spheric accretion component. We investigate whether such a hy-
brid model, proposed for T Tauri stars by Lima et al. (2010), can
also apply to the higher mass Herbig stars. In Sect. 2, we describe
the observations and the data processing. In Sect. 3, we present
the spectroscopic and interferometric results. In Sect. 4, we de-
tail the components of the model and the 2D radiative transfer
modeling we developed to interpret the interferometric data and
spectra observed across Ha. We compare the observations with
the predictions of a disk wind alone in Sect. 5 and the combina-
tion of a disk wind and a magnetospheric component in Sect. 6.
We finally discuss the implications of this work and conclude in
Sect. 7.

2. Observations and data processing
2.1. CHARA/VEGA observations

The CHARA Array (ten Brummelaar et al. 2005) hosts six 1-m
telescopes arranged in a Y shape. The 30 to 330 m baselines
allow a maximum angular resolution of 4/(2B) ~ 0.2 mas in
the visible range. We have used VEGA (Mourard et al. 2009) in
its medium spectral resolving power (R ~ 5000) and with its
two photon counting detectors looking at two different spectral
bands. For this program, we recorded a 30 nm band around the
Hp line and a 40 nm band around the He line. Owing to the faint
magnitude of our target, only the data recorded around the Ha
line reached a S/N high enough to allow reliable interferometric
measurements.

AB Aur has been observed with the S1S2 (projected base-
line B, ~ 28 m, angular resolution of 4/2B, ~ 2.4 mas or
~0.33 AU) and E1E2 baselines (B, ~ 65 m; 4/2B, ~ 1 mas
or ~0.14 AU). VEGA was operated in parallel with the CLIMB
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Table 1. Log of the observations.

Date uT HA B, PA To
(h) h m ) (m
2010-Oct.-15 7.515 -3.70 506 99 ~8
2010-Oct.-17 1029 -0.79 657 -117 ~8
2010-Oct.-17 13.21  2.14 598 -145 ~10
2010-Dec.-08 537 231 61.0 -107 ~8
2010-Dec.-08 6.13 -1.55 642 -112 ~7
2010-Dec.-09 6.08 -1.53 340 3.1 ~5
2011-Oct.-13 1242 1.06 63.4 -133 ~7
2011-Oct.-14 11.01 -028 340 -74 ~8
2011-Oct.-15 841 -2.82 34.1 14 ~7
2011-Oct.-15  9.38 -1.85 34.0 6 ~9
2011-Oct.-17 13.03 194 339 -24 ~8
2011-Oct.-19 1292 196 339 24 ~10
2012-Sep.-21  12.02 -0.73 657 -118 ~10
2012-Sep.-24  8.61 395 482 97 ~7
2013-Oct.-26  12.03 1.56 61.8 -138 ~7
2013-Oct.-26  13.06 2.60 582 -151 ~9
2013-Oct.-27 1146 1.06 634 -133 ~6
2013-Oct.-27 1271 232 59.2 -147 ~6
2013-Dec.-13  9.75 243 338 27 ~5
2013-Dec.-14 7.08 -0.18 340 -83 ~4
2013-Dec.-14  8.56 1.32 341 -20 ~4
2013-Dec.-15  6.72 -047 340 -58 ~5

Notes. Columns 1-3 give the date, the UT time, and the hour an-
gle (HA) of the observations. Columns 4 and 5 give the projected base-
line length B, and orientation PA. The last column provides the Fried
parameter for each observation.

beam combiner working in the K-band, acting as a coherence
sensor (Sturmann et al. 2010), and ensuring the fringe stability
required for long observing sequences in the visible. We sand-
wiched the 60 or 80 observing blocks of 2500 short exposures
(of 10 ms) on our target with sequences of 20 blocks on the cal-
ibrator HD 25867 whose uniform-disk angular diameter is es-
timated in the R-band to be 0.561 + 0.039 mas (Lafrasse et al.
2010). The observation log is given in Table 1.

2.2. VEGA data processing

Spectra. The spectra were extracted using a classical scheme of
collapsing the 2D flux in one spectrum, calibrating the pixel-
wavelength relation using a thorium-argon lamp, and normal-
izing the continuum by a polynomial fit. With two pixels per
resolution element, the spectral resolution obtained was about
0.13 nm (i.e., 60 kms~!). All spectra are shown in Fig. 1.

Interferometric observables. We used the standard VEGA
pipeline (Mourard et al. 2009) to compute

— the calibrated squared visibilities V2, over a large spectral
band centered on Ha (i.e., [640 nm ; 672 nm]);

— the differential interferometric visibilities and phases by a
cross-spectrum method between two spectral channels [1]
and [2]. To reach a sufficient S/N (at least 1 photon per
speckle, spectral channel, and single exposure), we consider
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Fig. 1. Ha emission line of AB Aur recorded with VEGA from 2010
October to 2013 December. Spectra corresponding to the data set used
for the detailed modeling are displayed in red.

the spectral band [1] to be as wide as the entire spectral range
(i.e., [640 nm ; 672 nm]), and [2] to be as narrow as possible.
Sliding the narrow channel [2] across the channel [1] pro-
vides a set of differential visibilities and phases as a function
of the central wavelength of the channel [2], ;. The effective
spectral resolution on these measurements (Riyerf) 1S always
lower than that of the recorded spectrum and depends on the
width of [2] (denoted AA,). We use Vo to calibrate the dif-
ferential interferometric visibilities in the continuum.

The data reduction pipeline produced individual errors for each
spectral channel, which only accounts for photon noise. To ac-
count for other sources of noise, we adopted conservative errors
by considering the highest value between the rms in the contin-
uum and the error computed by the pipeline.

Finally, as AB Aur is a faint target compared to the VEGA
limiting magnitude, excellent weather conditions are required
to obtain good quality data. As a consequence, only the data
recorded on 2010 October 17 and on 2012 September 21 allow
us to compute differential visibilities across the Ha line with a
spectral sampling of Ad, = 0.4 nm, corresponding to an effective
spectral resolving power of Riye;r = 1600. Both data sets corre-
spond to a baseline of ~60 m oriented with a PA of about —130°,
i.e., in a direction almost parallel to the inner CO disk position
angle of 52° + 1° estimated by Tang et al. (2012). The derived
spectra, visibility curves, and differential phases are plotted in
Fig. 2.

3. Results

3.1. Spectroscopy

A set of 22 spectra were obtained around the He line from 2010
October to 2013 December (Fig. 1). All of our spectra exhibit
large wings up to about +500 kms™' (see Appendix A). Us-
ing the Ha emission line classification of Reipurth et al. (1996),
5 spectra (22%) exhibit a P Cygni profile with blueshifted ab-
sorption going below the continuum (type IV-B), 13 (60%) a
P Cygni profile with a secondary emission peak in the blue
wing less than half of the main emission peak (type III-B),
and 4 (18%) spectra are single-peaked (type I). One of the
type IV-B spectra shows a very wide blueshifted absorption go-
ing out to —500 km s~! (Fig. A.3). The two spectra for which we
have detailed interferometric observations are shown in red in
Fig. 1. They show a P Cygni type III-B profile, which is the most
frequently observed and appears representative of this class.
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Fig. 2. VEGA data recorded on 2010 October 17 (left) and on 2012 September 21 (right). Top: Ha emission line of AB Aur (symbols) and pho-
tospheric absorption model (green line). Middle: differential visibilities. Botrom: diftferential phases. The spectral bin used to compute visibilities
and differential phases is represented by the red line in the bottom corner of each panel.

A complete study of the spectral variability at Ha is be-
yond the scope of this paper, but we discuss below some general
trends. A strong variability both in the red emission peak (in
terms of radial velocity and intensity) and in the blueshifted
absorption component is observed, as was already pointed
out by several authors (Beskrovnaya et al. 1995; Catala et al.
1999). Our sparse temporal sampling does not allow us to look
for periodic behaviors, but we notice a transformation from
P Cygni III-B to P Cygni IV-B over a period of a few days only
(for instance in 2012, see Fig. A.3). We note that Catala et al.
(1999) with a better sampling failed to find a clear period of the
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He line variability. We find no correlation between either the
maximum intensity and the radial velocity of the emission peak,
or between the radial velocity of the blue and red emission peaks
for P Cygni III-B profiles.

3.2. Visibilities and characteristic sizes in the Ha line

Differential visibility and phases. Figure 2 shows the differential
visibilities and phases for the Ha line. We clearly observe a
visibility drop down to 0.35-0.4 in the core of the line. This
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Fig. 3. HWHM of the Gaussian disk model for the He emitting region
of AB Aur observed with VEGA on 2010 October 17 (circles) and on
2012 September 21 (triangles) for i = 23° and PAgsx = 52°. The dotted
red line denotes the upper limit of the inner disk truncation radius while
the green dash-dotted line denotes the smallest estimate of the dusty
disk inner rim.

visibility drop is asymmetric and the visibility minimum is ob-
served in the blue wing (between —100 kms~! and =50 kms™).
A visibility decrease to 0.8—0.85 is also observed between
—400 kms™' and —200 kms~'. The phase is null across the
line, except between —150 km s~ and 0 km s™! where it reaches
—30° % 15°. The minimal phase coincides with the minimum of
visibility.

Size estimates. We first aim to derive a very rough estimate of the
characteristic size of the Ha circumstellar environment by con-
sidering a simple model of a Gaussian that includes the inclina-
tion of the disk seen by the observer. We assume that the emis-
sion is point-symmetric at all wavelengths across the He line,
and that the stellar photosphere is unresolved at our baseline
lengths. The visibilities can be written as

1+ Fes(Ai)/Fu( i) Ves(A)
1+ Fes(4)/Fo()

V() = ey

with 4; defined in Sect. 2.2 and where the subscript “cs” means
circumstellar.

The ratio F.s(A;)/F.(4;) is null in the continuum. For each
wavelength across the line, the ratio is determined from the
VEGA spectrum: at each wavelength, we use a photospheric
model computed for an effective temperature of 10000 K
(Piétu et al. 2005) and log g = 4 (Prugniel et al. 2007) using
PHOENIX models (Husser et al. 2013) so as to estimate the star
contribution F,; we deduce F; and then we integrate the ra-
tio over each spectral bin (whose width equals A1;). Assuming
i = 23° and PAgisk = 52° (Tang et al. 2012), for each A; we derive
the half width at half maximum (HWHM) of the Gaussian disk
that best fits the observed differential visibility V(4;). We obtain
HWHM of about 0.05 AU in the wings and of 0.10-0.15 AU
in the core of the line (Fig. 3). These estimates indicate that
the bulk of the Ha emission lies between the magnetospheric
truncation radius of the gaseous disk (<0.04 AU, estimated
from Bans & Konigl (2012) for equatorial dipolar magnetic field
strength less than 1 kG and a disk accretion rate >107% M/yr)
and the dusty disk rim radius (0.2—0.5 AU; Tannirkulam et al.
2008).

Fig. 4. Our composite model (not to scale) including a disk wind and
magnetospheric accretion columns. The dotted lines represent the dipo-
lar magnetospheric field lines. The disk (in black) has a constant aspect
ratio H/r. The dashed lines are parabolic trajectories that represent the
disk wind streamlines. Figure adapted from Lima et al. (2010).

Table 2. Stellar parameters adopted for AB Aur.

Radius R, (Ry) 2.5
Effective temperature T (K) 10 0004
Surface gravity logg 4b
Mass M, (M) 2.4¢
Rotational velocity vsini (km s7h 80

References. @ Piétuetal. (2005); @ Prugniel et al.
© DeWarf et al. (2003); ” Boehm & Catala (1995).

(2007);

4. Modeling

The spatial extent of the emission (0.05-0.15 AU) and the asym-
metry of the line profile argue against the emission of Ha in
magnetospheric accretion columns only. Instead, the P Cygni
profiles suggest that it occurs at least partially in a wind. How-
ever, as noted in Rousselet-Perraut et al. (2010), a full spheri-
cal stellar wind can be excluded as it would produce wider and
deeper blueshifted absorption than observed. We thus focus on
a scenario in which Ha appears at the base of a disk wind and
with a possible contribution of a magnetospheric accretion flow
component. This hybrid model is similar to the one developed
for classical T Tauri stars by Lima et al. (2010), but has been
tailored to the specific parameters of AB Aur. We detail below
the components of our model, the radiative transfer tool, and the
computation of interferometric predictions.

4.1. Model components

We use the magneto-centrifugally launched disk-wind model de-
scribed in Lima et al. (2010). We only recall the main properties
of the model and the reader can refer to Lima et al. (2010) for
the details. The model is based on ideal magneto-hydrodynamics
(MHD) with azimuthal symmetry and comprises four different
components (Fig. 4) whose parameters are given below.

The star. For AB Aur we adopt the stellar parameters listed in
Table 2. We model the photospheric spectrum using a PHOENIX
model (Husser et al. 2013) with corresponding parameters.
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The accretion disk. We consider a disk with a constant aspect
ratio H/r = 0.03, H being the pressure scale height. We assume
that the disk is opaque along the vertical direction but does
not significantly contribute to the continuum emission. This as-
sumption may no longer be valid below the dust sublimation ra-
dius (see Sect. 5.3 for a discussion). We fix PAgi = 52°, es-
timated by Tang et al. (2012) for the inner CO disk, which is
also compatible with the PA of the thermal radio jet (161° + 7°;
Rodriguez et al. 2014) that most likely emerges perpendicularly
to the inner disk regions.

The MHD disk-wind model. The model is based on the work
by Blandford & Payne (1982) and is described in detail in
Lima et al. (2010). It solves the ideal MHD equations consid-
ering an axisymmetric magnetic field threading the disk, and as-
suming a cold flow, where the thermal pressure terms can be
neglected. The wind solution is self-similar inside a region lim-
ited by the inner and outer wind launching radii rg; and ry4,. The
disk wind streamlines are described by a self-similar function
that can be written as (see Eq. (25) in Lima et al. (2010))

X(€) = aé* + bé — (a+b) )

where y = z/r;, & = r/r;, r; is the cylindrical radius where the line
crosses the accretion disk mid-plane, and r and z are the usual
cylindrical coordinates. The coefficients a and b are related to the
initial launching angle (e.g., v, the angle between the streamline
and disk plane at the launching point) by tan vy = (2a + b). The
other two variables that define the disk wind solution are «, the
dimensionless ratio between the mass and the magnetic fluxes
through the streamline, and A, the magnetic lever arm. Finally,
the density at the base of the disk wind is set by the disk wind
mass-loss rate, M., and the radial boundaries, rg; and rgo, of the
disk ejecting zone.

In this work we adopt inner and outer disk launching radii
of r4i =5 R, and rgo =25 R,, respectively, from 0.06 to 0.3 AU.
The maximum height over the disk z,,,x over which the solution
is computed is set to 30 R, (0.35 AU). For a given streamline
anchored at a radius ry in the plane of the disk, the wind solution
starts at z(r) = H(r). Not all values of a, b, k, and A can produce
a physically valid solution for the disk wind. A solution is valid
only if the Alfvenic Mach speed increases monotonically along
the flux line and it has to cross the critical Alfven point where
the poloidal velocity becomes super-Alfvenic. We fix « = 0.09
and 4 = 20-40, which corresponds to a solution very close to
the one used by Lima et al. (2010) in the context of T Tauri stars
to reproduce Ha profiles. The flow coeflicients a and b define the
initial disk-wind launching angle vy. These parameters influence
the shape of the line profile, in particular the peak intensity and
the depth of the blueshifted absorption. Here we set a = 0.53 and
b = —0.1, corresponding to an intermediate disk wind launching
angle vg = 43.83° and to a solution that — in the context of T
Tauri stars — produces type III-B line profiles similar to the ones
observed in AB Aur (see Fig. 8 in Lima et al. 2010).

The temperature of the disk wind is assumed to be isother-
mal as the thermal structure of disk winds is still poorly con-
strained. Studies of disk winds heated by ambipolar diffusion by
Safier (1993) and Garcia et al. (2001) have shown that the wind
temperatures quickly reach a plateau at 7 ~ 10000 K after being
launched, and slowly change when the wind propagates outward.
The remaining free parameters of the disk wind are the inclina-
tion i, the wind temperature 7, and the mass-loss rate Mioss.

The magnetosphere. The model can include an axisymmetric
dipolar magnetospheric flow that truncates the accretion disk at
a radial distance rp; and extends out to a radial distance rp,.

Al7, page 6 of 14

The temperature, density, and velocity profiles in the accretion
flow follow the prescriptions given in Lima et al. (2010) and
Hartmann et al. (1994). Accretion shocks on the stellar surface
are modeled as blackbody rings at the same temperature as the
star. None of the calculated profiles includes magnetospheric ro-
tation. The free parameters are r,; and ry,, the accretion rate
from the inner disk onto the star M,.., and the minimum and
maximum temperatures of the magnetosphere T, and Tax.

4.2. Radiative transfer and interferometric observables

To compute the Ha line profiles and synthetic maps, we use
a non-LTE model for the hydrogen atom including three lev-
els plus the continuum (Lima etal. 2010). The line source
function is calculated with the Sobolev approximation method
(Rybicki & Hummer 1978; Hartmann et al. 1994). This method
can be applied when the Doppler broadening is much larger than
the thermal broadening inside the flow. The emergent flux is cal-
culated using a ray-by-ray method (Muzerolle et al. 2001). Line
broadening due to radiative, van der Waals, Stark, and thermal
effects are included.

The code provides a spectrum whose infinite spectral resolv-
ing power is degraded down to the VEGA spectral resolving
power assuming a Gaussian spectral point spread function and
intensity maps in different spectral channels with central wave-
lengths and spectral width as in the VEGA observations (4;,
AQy). Interferometric observables are computed with a Fourier
transform of the intensity maps.

5. Comparison to observations: disk-wind models

We attempt to model both the spectra and the interferomet-
ric measurements (differential phases and visibilities) shown in
Fig. 2. In a first approach, we do not include a magnetosphere
and aim to fit our spectro-interferometric data with a model of
a disk wind only as Lima et al. (2010) have shown that the Ha
profile is dominated by the disk-wind contribution for mass-loss
rates higher than 10~® My/yr. Since the range of parameters to
explore is wide and models are computationally expensive, we
do not attempt to find a best fit model, but rather investigate a
range of solutions with reasonable parameters for inclination,
wind temperature, and mass-loss rate. For this purpose, we build
three grids of models by considering wind temperatures rang-
ing from 7500 to 8500 K, mass-loss rates varying from 1.7 to
6.8 x 1078 M,/yr (corresponding to fiducial wind densities po
of 1t04x107'% g/cm?), and inclinations ranging from 20° to 40°
(see Sect. 1).

5.1. Synthetic Ha line profiles

The resulting Ha line profiles and their comparison to the VEGA
observations of 2010 are shown in Figs. B.1-B.3. For the range
of parameters investigated, a significant fraction of the mod-
els produce P Cygni type III-B Ha emission profiles similar to
the ones observed in AB Aur. For the two spectra for which
we have detailed interferometric observations, the shape of the
blueshifted wing, in particular the location and intensity of the
blue peak, are best reproduced at low inclinations (20°—-30°) and
high wind temperatures (8000—8500 K) while the extent of the
red wings, in particular for the 2010 spectrum, is best reproduced
for intermediate inclinations (30°—40°), high wind temperatures,
and high mass-loss rates.

The best agreement to the relative shape of the line pro-
file measured in 2010 is obtained for a wind mass-loss rate of
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Table 3. Parameters of the disk-wind models for AB Aur.

Disk geometry

Disk wind parameters

Magnetosphere parameters

Model rdi Fdo 1‘.410SS i T ) K A Zmax Fmi Fmo Macc Tmin Tmax
(R (R WMofyr) () X)) () R (R) (R)  Molyr)  (K) (K)
M1 5 25 1.7x10°% 30 7500 43.83 0.09 20 30 - - - - -
M2 5 25 34x107% 30 7500 4383 0.09 20 30 - - - - -
M3 5 15 47%x107% 50 7200 43.83 0.09 20 30 1.4 20 26x107 9700 12870

6.8 x 107® My/yr, a wind temperature of 8500 K, and a system
inclination of 30°. However, the line-to-continuum ratio exceeds
the observed value by a factor ~7. This issue remains even when
the mass-loss rate is decreased to 1.7 x 1078 M/yr, as the line-
to-continuum ratio is still 2.5 to 4 times higher than the observed
value. The line-to-continuum ratio is lower when the wind mass-
loss rate or the isothermal disk wind temperature decreases, or
alternatively, when the inclination increases. A good agreement
with the observed line-to-continuum ratio is obtained in our grid
for a mass-loss rate of 1.7 x 1078 Mo/yr, an inclination of 30°,
and an isothermal disk wind temperature of 7500 K, but with
these parameters the width and the shape of the line profile is
not well reproduced, in particular the extent of the red wing and
the position and depth of the blue-shifted absorption.

We select two representative disk wind solutions, one with a
line-to-continuum ratio similar to that of the observations (model
M1), and one with a better agreement of the line width but a
line-to-continuum ratio that is twice as high as the observations
(model M2). The parameters of both models are given in Table 3.

5.2. Modeling the spectro-interferometric data

The modeled differential observables across Ha are compared
for both observations in Fig. 5. Both models (M1 and M2) pro-
duce a visibility drop on the order of that observed in the core
of the line. A deeper and larger visibility drop is obtained for
model M2 whose line-to-continuum ratio is higher by a fac-
tor 2.5 compared to model M1 and the observations. For both
models, the minimal visibility is reached in the red wing of the
line at ~100 kms~'. Considering the spectral bin used to com-
pute the interferometric observables, model M2 matches the vis-
ibility curve well in the 2012 data. For the observations of 2010,
model M2 also matches the blue part of the visibility curve, but
leads to a visibility drop too deep in the red wing of the line. For
the 2010 data, the observed visibility in the core of the line is
better reproduced by model M1. With regard to the phase, both
models predict a slightly asymmetric S-shaped signals, but they
fail to reproduce the minimum phase signal of about —30° + 15°
in the blue wing of the line.

Our analysis thus demonstrates that a Blandford & Payne
MHD disk wind solution arising from the inner sub-AU regions
of the accretion disk with mass flux higher than 1078 My/yr
and seen at moderate inclinations (30°) produces Ha lines
with similar emission profiles and size scales as observed in
AB Aur. However, with the disk wind solution adopted, such
type III-B profiles with prominent redshifted wings require ei-
ther high wind temperatures or mass-flux, resulting in higher
line-to-continuum ratios than observed in AB Aur. In addition,
the differential phase amplitudes are not well reproduced. The
predicted phase amplitude is too small, which might be related
to our isothermal hypothesis that puts weight on the basis of
the wind. Differential phases and visibilities depend critically
on the line-to-continuum ratio. Improving the agreement with

observations therefore first requires a better match to this param-
eter. We discuss below possible origins for the observed discrep-
ancies and suggestions to improve agreement with observations.

5.3. Improving the line-to-continuum ratio

Exploring different disk wind solutions, leading to different ac-
celeration and collimation properties than adopted in this work,
may help improve the agreement with the AB Aur observations.
Indeed, the study conducted by Kurosawa et al. (2006) in the
context of lower mass T Tauri stars, showed that the line pro-
file, in particular the depth and location of the blueshifted ab-
sorption component, but also the line-to-continuum ratio, are
very sensitive to the wind acceleration rate along the stream-
line parametrized in their study with the S parameter (see their
Fig. 6). A detailed comparison with our model predictions is dif-
ficult, however, as both the MHD disk wind solution and the
photospheric contributions are significantly different.

One way to decrease the line-to-continuum ratio in the mod-
els would be to add a continuum contribution in addition to the
photospheric one. However, both the inner gaseous disk and the
magnetosphere are not expected to have significant optical emis-
sivities for accretion rates of about 107 My/yr (Muzerolle et al.
2004; Nattaetal. 2001). Nattaetal. (2001) compute inner
gaseous disk model predictions tailored to AB Aur. Disk emis-
sion shortward of 1 um is negligible unless the inner disk extends
to the stellar surface (see their Fig. 6). Even in this case, the ex-
pected contribution is on the order of the photospheric contribu-
tion, therefore reducing the line-to-continuum ratio by a factor 2
at most.

The presence of dust in the disk wind would be another pos-
sible way to reduce the line-to-continuum ratio. Dust lifted off
the plane of the disk along streamlines anchored at radii be-
yond the dust sublimation front could partially occult the in-
ner disk wind Ha emission. Evidence for dusty disk winds
has been recently presented in the Herbig Ae star HD 163296
(Ellerbroek et al. 2014). Finally, if the inner gaseous disk is ver-
tically partially optically thin, we may see part of the receding
flow through the gaseous inner disk, which may increase the red-
shifted wing emission significantly. This effect has been invoked
to reproduce the detection of spatial offsets in the Pag line on
scales much smaller than the disk itself (Whelan et al. 2004).

In any of these scenarios, consistent radiative transfer tak-
ing into account these additional components/effects would be
required to compute accurate Her line predictions, which is be-
yond the scope of this paper.

6. Comparison to observations: disk wind plus
magnetospheric accretion flow

In this section we investigate whether adding the contribu-
tion of an inner magnetospheric flow could improve the agree-
ment between models and observations. Chemical peculiarities
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Fig. 5. Modeling of the VEGA observations on 2010 October 17 (left) and 2012 September 21 (right). Top: observed (black circles) and modeled
spectra for all disk-wind models (M1: dashed line; M2: dotted line; M3: solid line). The dash-dotted red line indicates the contribution of the
magnetosphere to the profile for M3. Middle: same for differential visibilities. Botfom: same for differential phases. The spectral bin is represented
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by the red line in the bottom corner of each panel.

of the 4 Boo type (Folsom etal. 2012) and X-ray emission
(Hamidouche et al. 2008) are both detected in AB Aur, sug-
gesting a significant amount of magnetic activity. Although
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of a stellar magnetic field have not been detected so
Aur, we cannot fully exclude the presence of a mag-
netosphere on this star. Indeed Alecian et al. (2013) have clearly
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shown that the average Stokes I profile is dominated by a strong
circumstellar emission component in AB Aur (see their Fig. 8).
Therefore, no reliable constraint on the stellar magnetic field can
be derived from spectro-polarimetric measurements.

For an accretion rate lower than 2 x 1077 My/yr (i.e., the
upper limit of accretion rate estimates in AB Aur), we expect
the accretion disk to be truncated at r < 2 R, for B < 1 kG
(Bans & Konigl 2012), thus suggesting a close and compact
magnetosphere. We therefore set the inner and outer radii of the
magnetospheric flow at 1.4 and 2 R,, respectively. We combine
this compact magnetosphere with a disk wind solution similar
to the one adopted before. We do not attempt to find the best fit
solution, but we allow for a small variation of the parameters of
the magnetosphere (the accretion rate and the temperature) and
the disk wind to find a reasonable agreement with both the line
shape and the line-to-continuum ratio.

We list in Table 3 the parameters of our best hybrid model
(model M3) and show its predicted spectrum, visibilities, and
differential phases in Fig. 5. The best agreement with observa-
tions is found for an accretion rate of 2.6 x 10~ Mg/yr and a hot
magnetospheric temperature (9700—13 000 K). The disk wind
solution is slightly cooler and more massive than in the models
M1 and M2. In addition, we could not find a significant improve-
ment, with respect to the disk wind solution alone, when the sys-
tem inclination was kept at values as low as those of models M1
and M2. A good agreement was found by allowing the inclina-
tion to be as high as 50°. In this model, the disk wind component
dominates the emission at He, consistent with the prediction by
Lima et al. (2010) for a disk wind mass-loss rate >107% M/yr.
However, the addition of a magnetospheric component results
in both a line shape and line-to-continuum ratio closer to the
observed values (Fig. 5 for an example). Indeed, the magneto-
spheric component contributes more to the wings of the profile
allowing us to use a disk wind solution with lower temperature
and higher inclination (resulting in a lower line-to-continuum ra-
tio), while keeping good agreement with the shape of the blue
wing.

Model M3 also reproduces reasonably well both the differ-
ential visibility and phase across Ha, which was not the case
for M1 and M2. Such hybrid solutions, however, result in more
compact intensity maps, and the observed visibility drop across
Ha is thus not perfectly reproduced. For a line-to-continuum ra-
tio close to 5, the visibility drop never goes below 0.6 in the
core of the line because of a significant contribution from the
compact magnetosphere (Fig. 5). On the other hand, extending
the size of the magnetosphere will increase its contribution to
the line profile and hence produce even higher visibilities, un-
less unrealistic magnetospheric outer radii are used (>10 R,).
The high inclination found for model M3 is intriguing, but at the
same time cannot be fully excluded by the current observational
constraints. The range of inclination quoted in the literature for
AB Aur is wide (from 20° to >50°; see Sect. 1) and variation
of disk inclination with distance to the source has been already
reported on larger scales (Tang et al. 2012). The adopted mass
accretion and mass-loss rates for model M3 are 2.6 x 10~/ My/yr
and 4.7 x 1078 M/yr, which results in a ratio of ejection to ac-
cretion rate of 0.18. This ratio is higher than the average value
of 0.1 found from resolved observations of large-scale jets, but
is still compatible with expectations from magneto-centrifugal
ejection models (Ferreira et al. 2006).

The solution presented in this paper is not a best fit and a
full exploration of the model parameter space is required be-
fore a firm conclusion can be reached. However, it is striking
that such a hybrid solution, very similar to the one proposed

in the context of classical T Tauri stars by Lima et al. (2010)
and with reasonable parameters for AB Aur, matches quite sat-
isfactorily both the observed spectra and interferometric mea-
surements at He. These results also go in the same direction as
the recent spectro-interferometric studies of Herbig stars con-
ducted on the HI Bry emission line by Weigelt et al. (2011),
Garcia Lopez et al. (2015), Caratti o Garatti et al. (2015), and
Kurosawa et al. (2016). All these studies conclude that the best
agreement with observations is found using a model combining a
small magnetosphere and a compact disk wind. Kurosawa et al.
(2016) tentatively find a positive correlation between the disk-
wind inner launching radius and the luminosity of the central
star. The inner launching radius derived for our best disk wind
solution in AB Aur (rg; = 5 R. = 0.06 AU) follows the gen-
eral trend found by Kurosawa et al. (2006) of a more compact
disk wind for lower luminosity sources. All these new results
therefore confirm that mass-loss processes, powered by accre-
tion, play a major role in the formation of the HI lines in young
stars.

7. Conclusion

We have presented results from multi-epoch spectro-
interferometric observations (22) across the Ha line of the
Herbig Ae star AB Aur conducted with the VEGA interfer-
ometer. For two epochs we reconstruct differential visibilities
and phases across Ha with more than ten velocity resolution
elements. These are the first interferometric measurements at
He of a young accreting star with such a spectral resolution.

The variability in the Ha spectroscopic profiles is similar to
previous observations. The two spectra for which we have de-
tailed interferometric observations show a P Cygni type III-B
profile (a P Cygni profile with a secondary emission peak in the
blue wing less than half of the main emission peak), which is by
far the most frequently observed in our sample (60%).

Our spectro-interferometric observations clearly resolve
the Ha formation region of the Herbig Ae star AB Aur at both
epochs. No significant variation in the interferometric measure-
ments is observed. Using a Gaussian model we derive a half
width at half maximum of 0.05-0.15 AU for the core of the line
emission, implying size scales intermediate between the inner
disk truncation radius (<0.04 AU) and the inner rim of the dust
disk (>0.2 AU). We also detect a clear asymmetric phase signal
with a minimum of —30° + 15°. These observations suggest that
the bulk of the Ha line cannot be formed in a magnetospheric
accretion flow alone, and favor a disk wind origin.

To interpret these observations we compute 2D radiative
transfer at He in a model combining a magneto-centrifugal
Blandford & Payne disk wind solution with an axisymmetric
magnetospheric accretion flow and with the parameters tailored
to the AB Aur system. Comparison with the observations shows
general agreement with predictions from disk winds arising from
the inner radii of the gaseous disk (r = 5-25 R, = 0.06—0.3 AU).
He is formed in the very inner accelerating regions of the wind
at a few scale heights above the disk. Adding a compact mag-
netospheric component allows us to better reproduce the line-
to-continuum ratio and the differential phase signal across the
line, but the line profile remains dominated by the disk wind
component. Our best model is obtained for a high inclina-
tion of the magnetosphere and inner disk (i = 50°) and im-
plies an ejection-to-accretion rate ratio of ~0.2, consistent with
magneto-centrifugal launching processes. Similar models have
recently been proposed to account for spectro-interferometric
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observations at high spectral resolution in the HI Bry line of
four Herbig stars. These new results all suggest that mass-loss
processes, likely powered by accretion, play a major role in the
formation of the HI lines in young stars.

Finally, our analysis is focused on two profiles, representa-
tive of the type III-B profiles observed in AB Aur. However,
a clear profile variability is observed. In our disk-wind mod-
els, we never get type IV-B profiles with wide blueshifted ab-
sorptions below the continuum; this profile represents 22% of
our observed profiles. These wide blueshifted absorptions could
trace an additional inner wide-angle wind component of stellar
or magnetospheric origin. This component may also be respon-
sible for the variation in inner disk wind streamlines, inducing
additional profile variability. The origin of the short timescale
variability of the Ha profile is still matter of debate, and con-
tinued monitoring combined with dedicated modeling is also
required.
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Appendix A: All VEGA spectra of AB Aur

All the spectra recorded with VEGA around the He line with
a spectral resolving power of about 5000 are displayed in
Figs. A.1, A.2, and A.3.
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Fig. A.1. Ha line of AB Aur recorded with VEGA in 2010. Spectra are

plotted in chronological order from bottom to top. They are shifted by

0.5 along the y axis for clarity.
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Fig. A.2. Same as Fig. A.1. for 2011.
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Fig. A.3. Same as Fig. A.1. for 2012.
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Fig. A.4. Same as Fig. A.1. for 2013.
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Appendix B: Grids of models of the AB Aur disk wind only
All the grids of models that we computed for the disk wind only are displayed in Figs. B.1-B.3.
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Fig. B.1. Grid of models of AB Aur disk wind for different effective temperatures, for different inclinations, and for a mass-loss rate of
1.7 x 107 My/yr: modeled spectrum at the VEGA spectral resolution (black), observed spectrum (red), and modeled spectrum rescaled to have
the same maximum intensity as the observed spectrum (green).
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Fig. B.2. Grid of models of AB Aur disk wind for different effective temperatures, for different inclinations, and for a mass-loss rate of
3.4 x 1078 M/yr. The color code is the same as in Fig. B.1.
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Mioss = 6.80 x 1078 Mg yr!
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Fig. B.3. Grid of models of AB Aur disk wind for different effective temperatures, for different inclinations, and for a mass-loss rate of
6.8 x 1078 M,/yr. The color code is the same as in Fig. B.1.
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